The purpose of backwashing during the start-up period of rapid biofilters at drinking water treatment plants differs significantly from the purpose of backwashing during normal operation. During startup, finished water quality is secondary, detachment of microorganisms must be minimized, dust present in the original filter media must be removed and inherent inoculation of the biofilter with water used for backwashing must be considered. Investigations over a 9-week start-up period at a full-scale waterworks showed a strong correlation between suspended solids and turbidity, and that fine particles present in the original filter media were removed over a period of several weeks. In addition, after an initial period in which iron accumulated on the filter was not removed by backwash, iron was removed with 80% efficiency. Backwashing had 0% efficiency in removing manganese from the filter media. Practical conclusions include that shortened backwash procedures during start-up may be preferable, turbidity may be used as a surrogate for suspended solids in backwash effluent, filter media may be pre-treated by exaggerated backwashing to remove fine particles before start-up, and that a reasonable backwash procedure for future operation of the filter may be defined early in the start-up period.
INTRODUCTION
In the production of drinking water from groundwater, waterworks often use a simple treatment process consisting only of oxygenation followed by filtration in rapid granular biofilters (Rittmann ) to remove parameters such as filter run with a slow flow (Colton et al. ) and recirculation of the finished water.
Excessive biomass must be removed during backwash while leaving enough biofilm on the filter media to not compromise biological performance at the start of the subsequent filter run. Previous studies have indicated that collapse-pulsing does not remove the effective biomass or impact biological filter performance (Ahmad & Amirtharajah ; Emelko et al. ; Kim et al. ) . This may be due to the fact that bacterial hydrophobicity provides an advantage for bacteria to attach to surfaces compared with many inorganic compounds (Ahmad & Amirtharajah ) . Other studies, however, indicate a possible negative effect of backwashing on biofilter performance (Liu et al.
; Laurent et al. ).
Various filter media are utilized in biofilters for drinking water production. The backwash flow must be adjusted to fit with filter media properties such as size, density, and shape in order to avoid flushing the media out with the backwash effluent. High shear forces during backwash may form fine particles through media attrition and cause the subsequent loss of filter media. The degree of attrition also depends on the durability of the media. Attrition studies on sand and anthracite concluded that the loss of filter media due to backwash was acceptable (Humby & Fitzpatrick ) .
The start-up period of drinking water biofilters consists of a complex, interconnected set of processes in which virgin filter media matures into a fully functional biofilter coated with inorganic precipitates and biofilm. During start-up, inorganic coatings consisting of e.g. iron and manganese oxides form on the filter media. This coating can be initiated on virgin filter media surfaces by the adsorption of iron (II) from the raw water and subsequent oxidation to iron (III) oxides in the presence of oxygen.
Ions such as calcium in the raw water have been shown to interfere with the adsorption of iron (II) on virgin filter media, while continued adsorption and oxidation of iron (II) onto a previously formed coating is less influenced by such ions (Sharma et al. ) .
Filter media also supply a surface for the attachment of microorganisms, the initial step in the development of a bio- is found to be a prerequisite (Frischherz et al. ) .
During the start-up period, backwash has a significantly different purpose from that during normal operation. The importance of good finished water quality during start-up is secondary, since the water is typically discharged to a surface water recipient instead of distributed to consumers. This means that the goal for backwashing during start-up is limited to reducing head loss rather than obtaining high drinking water quality with respect to e.g. turbidity and suspended solids. In addition, although loss of media during backwashing is undesirable, removal of very fine particles present as dust in virgin filter media should be accomplished. Therefore, exaggerated backwashing is often included as a filter media pre-treatment in the beginning of the start-up period (Humby & Fitzpatrick ) . Also, since biofilm development is critical in the start-up period, backwash during this period must not cause excessive 
METHODS

Waterworks and operation
This study was carried out during July-September 2014 on Production Line 1 at Truelsbjerg waterworks (Aarhus Water Ltd, Denmark). The water treatment process starts with the addition of 93-95% pure oxygen to the raw water.
Oxygenation is followed by filtration through two stainless steel pressure filters in series (Filter 1 and 2 Prior to start, the filters were disinfected with a recirculating mixture of hydrochloric acid and hydrogen peroxide In-line flow measurements of water during operation, backwash air and backwash water were carried out continuously during the investigation.
Precipitates and mass balance calculations
Calculations were used to compare the concentration of suspended solids to the concentrations of specific ions in the backwash effluent. Here, it was assumed that all iron, manganese and calcium in the backwash effluent were present as the precipitates Fe(OH) 3 , MnO 2 , and CaCO 3 , respectively. Using these compounds' molecular weights, a factor of 1.91, 1.58 and 2.50 grams precipitate per gram iron, manganese and calcium, respectively, was used. However, since the degree of hydration of the precipitates is unknown, these factors are only estimates. Since the water used for backwash was treated water from another waterworks, it contained calcium, but no iron or manganese.
The water's concentration of calcium was therefore subtracted from the backwash effluent results. 
RESULTS AND DISCUSSION
Backwash analyses were performed at a full-scale waterworks during the start-up period in two rapid biofilters in series. This study is focused on the backwash of Filter 1, however, since Filter 2 was largely superfluous for the water treatment processes.
Finished water quality during start-up
The start-up period lasted 66 days, after which the concentrations of iron, ammonium and manganese in the raw water were removed sufficiently to meet national drinking water criteria of 0.1 mg L À1 , 0.05 mg L À1 and 0.02 mg L À1 , respectively. Table 2 shows that iron was completely removed on Filter 1 already from the first sampling event (day 4), indicating that chemical oxidation was responsible for the removal. Ammonium concentration in water after Filter 1 was shown to meet drinking water criteria after 58 days.
Manganese removal in Filter 1 began after ammonium removal, and 90% of the manganese in the raw water was removed at the end of the start-up period (day 66). At this time, the drinking water criterion for manganese was met in the water after Filter 2. Ammonium and manganese were removed on Filter 1 only after a period of >8 weeks, indicating that the removal of these compounds required a period of biofilm development and was mediated biologically.
Flow of air and water during a backwash event
Filter 1 was backwashed 22 times during the start-up period.
Backwash air and water flow is shown in Figure 1 are not likely to be fulfilled due to the large particle size of the filter media and the low backwash water flow during Cycle II.
Turbidity and suspended solids in backwash effluent
As seen in Figure 2 (a), the turbidity of the effluent from Filter 1 on the first backwash event (day 0.7) was <100 NTU at all times, while the turbidity of all the other backwash events was much higher (falling from around 4,000 NTU in the beginning of Cycle II to below 20 NTU at the end of Cycle III). To understand this difference it should be noted that the duration of the filter run preceding this first backwash event was unusually short (<1 day) compared to the normal filter run length of 4 days.
Further, the turbidity of the influent water used for backwashing was <1 NTU. At the end of the start-up period (day 66.7) manganese was being successfully removed on Filter 1. However, this was not reflected in an increase of turbidity in backwash effluent. This indicates that the *The increase in iron, manganese and ammonium for the period days 50-58 was caused by a fault in the system supplying oxygen to the filter. These results show no influence on later results as concluded in a previous study (Søborg et al. 2015) . Bold indicates concentrations below national drinking water criteria. removed manganese is accumulated in the filter media (see The difference between total suspended solids and the calculated sum decreased over time, indicating that the unidentified suspended solid may be fine flint particles found as impurities in the calcium carbonate filter media and fine quartz particles in the original quartz supporting layer in Filter 1 (Table 1 ). An even more exaggerated amount of unidentified suspended solids was seen in backwash effluent of Daily backwashes were carried out on the first 8 days, whereas later backwashes were carried out every 4 days. Therefore, one might expect a factor-four increase in the mass of iron removed during the backwash after this initial period. The calcium carbonate removed during backwash events was modest and remained constant throughout the start-up period (Figure 3) . It was not determined whether this calcium carbonate came from fine particles in the original filter media, attrition or variation in influent calcium concentration.
Mass balance of iron and manganese
The amount of iron and manganese accumulated on Filter 1 was calculated by a mass balance. Figure 4 shows that nearly 100% accumulation of iron on the filter media was seen initially, as little iron was found in the water after Filter 1 or in the backwash effluent. For the remainder of the startup period, however, approximately 80% of the iron entering Filter 1 was removed via backwashing, while 20% was accumulated on the filter media.
Manganese passed through Filter 1 without being removed for the majority of the start-up period (Table 2 ). After successful removal of manganese on Filter 1 (from day 66), manganese was almost completely retained on the filter media, and almost none was removed via backwashing ( Figure 4 ). These results demonstrate that the backwash procedure preferentially removes iron, although not obtaining 100%
removal. The inorganic coating on the filter media will therefore increase over the coming years of operation and be mainly composed of manganese oxides.
CONCLUSIONS
The purpose of backwashing during the start-up period of a drinking water biofilter differs significantly from the purpose during normal operation. The objective of this study was to observe the role of backwash during the start-up of full-scale biofilters.
In the biofilters of this study, the start-up period lasted 66 days, after which the concentrations of iron, manganese and ammonium in the raw water were removed sufficiently to meet national drinking water criteria. During this time, 
